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SUMMARY 

A n  experimental investigation has been made of a localized region 
of laminar separation behind the position of minimum pressure on an 
NACA 663-018 airfoil section at zero angle of attack. 
was made at Reynolds numbers of 1.2 X 10 6 , 1.7 x ' 1 0  6 , and 2.4 x 10 6 and 
consisted of surface-pressure measurements, boundary-layer-profile 
measurements, and qualitative measurements of fluctuating velocities 
with a hot-wire anemometer. 
the idea that localized regions of laminar separation can be character- 
ized by a length of laminar boundary layer following separation, after 
which transition occurs and the resultant turbulent boundary layer 
spreads and reattaches to the surface. The results of the present 
investigation, together with other data, indicated that the length of 
separated laminar bc-mdary layer before transition occurred could be 
expressed in terms of the boundary-layer Reynolds number at the sepa- 
ration point. After transition occurred in the separated layer, turbu- 
lence was found to spread at a relatively constant angle as is the case 
in a spreading turbulent jet. The value of the turbulent-boundary- 
layer shape parameter was found to decrease rapidly after flow 
reattachment. 

The investigation 

The results of the investigation confirm 

INTRODUCTION 

Various investigators have observed that under some circumstances 
there exists behind laminar separation a localized region of separated 
flow aft of which the boundary layer reattaches itself to the surface. 
Such localized regions of separation are often referred to as laminar 
separation "bubbles." Localized regions of separated flow were first 
observed by Jones (reference 1) in the early 1930's, and some measure- 
ments of boundary-layer profiles in a separation bubble were reported 
in 1938 by Von Doenhoff (reference 2). A later investigation by 
Von Doenhoff and Tetervin (reference 3) included some measurements of 
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the extent of a local ized region of separation a t  the leading edge on 
an NACA 6-series a i r f o i l  a t  a moderate angle of a t tack.  
some similar measurements of bubble p ro f i l e s  have been made by Gault 
and McCullough (references 4 and 5 )  i n  connection with the s t a l l i n g  
charac te r i s t ics  of t h in  a i r f o i l s .  

More recently, 

Although the existence and s ize  of local ized regions of laminar 
separation are  hown t o  depend i n  some manner upon the Reynolds number, 
no information is  avai lable  which indicates  whether such a region w i l l  
e x i s t  under a given set of circumstances o r  what the extent of the 
region w i l l  be should it exis t .  
because many important charac te r i s t ics  of aerodynamic shapes, f o r  
example, the maximum l i f t  coeff ic ient  of an a i r f o i l  section, seem t o  be 
intimately associated with the behavior of the laminar separation bubble. 

I n  an e f f o r t  t o  gain some detai led information on the formation 
and behavior of local ized regions of laminar separation, the present 
experimental invest igat ion was made of the boundary layer  on an NACA 
663-018 a i r f o i l  sect ion i n  the Langley low-turbulence tunnels, 
invest igat ion was made a t  Reynolds numbers af 1 . 2  X lo6, 1.7 X 10 6 , and 

2.4 x lo6 f o r  an a i r f o i l  angle of a t tack of 0'. 
conditions and t h i s  a i r f o i l  were chosen f o r  invest igat ion because, under 
such circumstances, r e l a t ive ly  la rge  local ized regions of laminar sepa- 
r a t ion  which could be measured eas i ly  were thought t o  e x i s t  behind the 
posi t ion of minimum pressure. 
of laminar separation behind the point of minimum pressui-e on a i r f o i l s  
a t  zero l i f t  and such separation regions i n  the v i c in i ty  of the leading 
edge on a i r f o i l s  near maximum l i f t  i s  not en t i r e ly  c lear .  
thought, however, t h a t  a knowledge of the parameters controll ing local-  
ized regions of laminar separation behind minimum pressure a t  zero l i f t  
would prove of value i n  fu ture  invest igat ions and analyses of such sepa- 
r a t ion  phenomena near maximum l i f t .  The invest igat ion included detai led 
surface-pressure measurements, measurements of the mean-flow ve loc i t ies  
i n  the boundary layer,  and observations of velocity f luctuat ions i n  the 
boundary layer  a s  indicated by a hot-wire anemometer. The r e s u l t s  of 
the present investigation, together with some of the r e su l t s  of other 
investigations,  a r e  presented and analyzed herein. 

Such information i s  highly desirable  

The 

These pa r t i cu la r  t e s t  

The relat ionship between local ized regions 

It was 

SYMBOLS 

U l o c a l  velocity outside boundary layer  

U 

90 f-Pee-Stf;ream dynamic pressure 

loca l  velocity ins ide  boundary layer  
t c"-( .F b2 i" I 
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local dynamic pressure just outside boundary layer 

local static pressure 

free-stream total pressure 

(Y) pressure coefficient 

distance normal to airfoil surface 

distance along chord 

chord 

extent of laminar flow behind separation 

boundary-layer thickness, arbitrarily defined as distance normal 
to surface at which 2 =' 0.707 

U 

boundary-layer 

boundary-layer 

b oundary-layer 

displacement thickness 

momentum thickness 

shape parameter (6*/8) 

Reynolds number based on free-stream velocity and airfoil chord 

boundary-layer Reynolds number at separation based on boundary- 
layer' thickness and velocity just outside boundary layer 

wall shearing stress 

ratio of extent of laminar flow between laminar-separation point 
and transition point to boundary-layer thickness at laminar- 
separation point ( ~ / t j )  
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APPARATUS AND TESTS 

NACA TN 2338 

Wind tunnels and model.- The investigation was conducted in both 
the Langley two-dimensional low-turbulence tunnel and the two-dimensional 
low-turbulence pressure tunnel. Each test section measures 3 feet by 
7.5 feet and the model completely spanned the +foot dimension. 
turbulence level of only a few hundredths of a percent is attained in 
the tunnel test sections by means of a large area reduction through the 
entrance cone and dense screens in the large section ahead of the 
entrance cone. A more complete discussion of the method of turbulence 
reduction and description of the tunnels may be found in reference 6. 

A 

A l l  measurements were made on a 24-inch-chord laminated-mahogany 
mode1,having the NACA 663-018 airfoil section. The model was painted 
with lacquer and sanded until an aerodynamically smooth surface was 
obtained. . The ordinates of the NACA 663-018 airfoil section are pre- 
sented in table I. 

Tests and measuring equipment.- The test program consisted of 
measurements of the chordwise pressure distribution and boundary-layer 
velocity profiles on the NACA 663-018 airfoil section at zero angle of 
attack and Reynolds numbers of 1.2 x 106, 1.7 x lo6, and 2.4 X 10 e 

A l l  the boundary-layer measurements were made in the vicinity of the 
laminar-separation point and consisted of mean velocity measurements 
for flow in a direction from the leading edge to the trailing edge. 
No measurements of reverse flow were made. The free-stream Mach number 
was less than 0.2 in all the tests. The airfoil pressure distributions 
and boundary-layer surveys were obtained by use of a multitube pressure 
rake which consisted of a group of four total-pressure tubes and one 
static-pressure tube. 
having an outside diameter of 0.040 inch and a wall thickness of 
0.003 inch. The total-pressure tubes were flattened at the ends until 
the opening at the mouth of the tube was 0.006 inch high. 
pressure-tube heights less than 0.1inch from the surface were measured 
with a micrometer microscope and tube heights greater than 0.1 inch were 
measured with a scale graduated in hundredths of an inch. 

6 

The tubes were made of steel hypodermic tubing 

Total- 

Supplementary qualitative measurements of the velocity fluctuations 
in the direction parallel to the model surface at various chordwise 
positions and vertical heights within the boundary layer were made by 
use of a hot-wire anemometer. 
treated comprehensively in reference 7. Basically, it consists of an 
electrically heated wire, its support, and an electronic system for 
amplifying and, in the present case, observing fluctuating voltage 
when a constant heating current is maintained through the wire. 

The theory of the hot-wire anemometer is 
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The probe mounting used t o  support the 0.0005-inch-diameter tungsten 
w i r e  i s  shown i n  f igu re  1. The distance between the  needle prongs w a s  
approximately 7/32 inch, and the wire w a s  at tached by copper p la t ing  the  
t i p  portions of the wire and soft-soldering them t o  the s t e e l  needles. 
Cellulose tape was used t o  a t t ach  the mounting t o  the  a i r fo i l  surface 
a t  various chordwise posit ions,  and height s e t t i ngs  were obtained by 
manipulation of the  two setscrews shown i n  f igu re  1. 
measured by the  same methods employed with the total-pressure tubes. 
The hot-wire measurements may have been af fec ted  t o  some extent  by the  
presence of t he  probe and support; however, the e f f e c t  i s  believed t o  
be r e l a t ive ly  small because the hot  w i r e  was about 2 inches ahead of the  
support and the  probe was r e l a t ive ly  thin.  

Wire heights  were 

I n  the present- invest igat ion,  the hot-wire anemometer w a s  used only 
t o  determine whether the boundary-layer flow w a s  turbulent.  For t h i s  
reason, the instrument was not compensated f o r  the l a g  of t he  hot wire. 
The output of the instrument was f e d  t o  a cathode-ray oscillograph s o  
t h a t  t he  veloci ty  f luc tua t ions  could be observed d i rec t ly .  A camera 
was used t o  make 1- second exposures of the oscillograph t races .  The 
s e n s i t i v i t y  of the  instrument w a s  such t h a t  veloci ty  f luc tua t ions  l e s s  
than 0.5 percent of t he  mean veloci ty  could not be observed. 

30 

FGSULTS AND DISCUSSION 

It seems advisable f i r s t  t o  consider b r i e f l y  the conditions under 
which l o c a l  regions of laminar separation are possible. A necessary 
condition f o r  laminar-boundary-layer separation i s  a pos i t ive  pressure 
gradient i n  the  d i rec t ion  of f l o w  progression. 
laminar separation occurs depends upon the  magnitude of the  pos i t ive  
pressure gradient and upon the d e t a i l s  of the pressure d i s t r ibu t ion  
ahead of t he  point  a t  which the  adverse pressure gradient begins but  i s  
independent of the  Reynolds number. Presumably, then, the existence of 
a local ized region of laminar separation i s  always a p o s s i b i l i t y  which 
must be considered i n  those cases f o r  which laminar separation i s  known 
t o  occur. The existence of a pos i t ive  pressure gradient su f f i c i en t ly  
steep t o  cause laminar separation, however, does not necessar i ly  mean 
t h a t  a laminar separation bubble w i l l  occur. If the Reynolds number of 
the boundary-layer f l o w  i s  su f f i c i en t ly  high, t r ans i t i on  from laminar t o  
turbulent flow w i l l  occur ahead of t ha t  point a t  which laminar sepa- 
r a t ion  would have occurred i f  the boundary l aye r  had remained laminar 
(reference 8) .  
separation is  not possible.  The Reynolds number a t  which t r a n s i t i o n  
moves ahead of the laminar-separation point depends upon the shape of 
the pressure d is t r ibu t ion ,  the surface condition, and the turbulence 
l e v e l  of the main stream. On the other hand, if the Reynolds number i s  

The posi t ion a t  which 

Under such circumstances, a local ized region of laminar 
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su f f i c i en t ly  low, flow reattachment w i l l  not occur and no bubble w i l l  
ex i s t .  I n  the invest igat ion discussed herein, the Reynolds number range 
was such t h a t  separation bubbles d id  occur. 

General character of t he  separation bubble.- An inspection of the  
boundary-layer veloci ty  p ro f i l e s  measured on t h e  NACA 66,-018 a i r f o i l  
sec t ion  a t  0' angle of a t t ack  and Reynolds numbers of 106, 
1.7'~ 106, and 2 - 4  x lo6 ( f i g s ,  2 t o  4)  shows t h a t  the  p r o f i l e  a t  t h e  
0 . 6 1 ~  s t a t i o n  has the  cha rac t e r i s t i c  shape associated with the laminar 
boundary layer .  Although the  cha rac t e r i s t i c  laminar shape p e r s i s t s  a t  
the 0 . 6 2 ~  s t a t i o n  and beyond, it can be seen t h a t  the pos i t ion  of zero 
veloci ty  i n  e s sen t i a l ly  the surface d i rec t ion  i s  above ra ther  than a t  
the surface. This posi t ion of zero veloci ty  then indicates  separation 
of the  laminar boundary layer. For the purpose of discussion, the 
"separated boundary layer"  i s  defined as the  region of flow from zero 
ve loc i ty  i n  the surface d i rec t ion  up t o  the l o c a l  stream velocity,  and 
the  "separated regiontr i s  defined as t h e  region of flow between the  
surface and the  lower l i m i t  of the separated boundary layer.  
d iv is ion  of the f l o w  i n t o  two separate regions i s  admittedly ra ther  
a r b i t r a r y  and i s  t o  some extent  convenient merely from the experimental 
viewpoint. 
ve loc i ty  l i n e  but  not i n  the reverse-flow region between t h i s  l i n e  and 
the  a i r f o i l  surface. It follows from cont inui ty  considerations t h a t  
the a i r  i n  t h i s  reverse-flow region (below the  zero-velocity l i n e )  must, 
a s  it approaches the  separation point, pass upward and then backward and 
thus form the lower port ion of the  separated boundary layer .  
boundary of the circulating-flow region o r  bubble, which e f f ec t ive ly  
replaces  the a i r f o i l  as the boundary of the  main f low,  l i e s  somewhat. 
above the  zero-velocity l i n e .  Obviously, then, a complete under- 
standing of the phenomena involved can come only f r o m  a consideration 
of the  separated region and the  separated boundary layer  a s  a s ing le  
viscous flow f i e l d .  
such a complete analysis  does not seem feas ib l e  a t  present, and it i s  
found convenient t o  analyze the  r e s u l t s  of the  present inves t iga t ion  
i n  terms of the previously defined separated boundary layer. 

The 

The p i t o t  tubes read cor rec t ly  i n  the  'region above the zero- 

That is, the 

Because of the  nature of the  data  obtained, however, 

A f u r t h e r  inspection of f i gu res  2 t o  4 shows that ,  a s  the separated 
boundary layer  moves rearward f r o m  the  separation point, t he  distance 
between'the surface and the lower l i m i t  of the separated boundary layer  
s t ead i ly  increases up t o  a ce r t a in  point, a f t e r  which the  separated 
layer re turns  rapidly t o  the smface .  It i s  in t e re s t ing  t o  note t h a t  
the  ve loc i ty  p ro f i l e s  of the separated boundary layer  have the charac- 
t e r i s t i c  laminar shape f rom the point  of separation t o  the point  of 
reattachment although the  p ro f i l e s  do not appear bo be af f ine .  
the flow reattaches,  the  p ro f i l e  shape i s  seen t o  change within a shor t  
distance t o  t h a t  which i s  cha rac t e r i s t i c  of a turbulent  boundary layer. 
The var ia t ion*of  the extent  of the  separated region i s  more apparent 

After 
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f rom f igure  5, i n  which the  ve r t i ca l  posi t ion of the zero-velocity 
point  i n  the  boundary layer  i s  p lo t ted  against  chordwise posit ion.  
the Reynolds number i s  increased, both the v e r t i c a l  and chordwise 
ex ten ts  of t h e  separated region a re  seen t o  decrease. It can be seen 
by p lo t t i ng  the  separated region i n  r e l a t ion  t o  the  a i r f o i l  surface 
t h a t  the  zero-velocity l i n e  leaves the surface almost tangent ia l ly  
( f i g .  6), 

A s  

Mechanism of f l o w  reattachment,- The measured veloci ty  p r o f i l e s  
give an idea of the  over-all picture  of the separation bubble but give 
no evidence of the flow mechanism which determines the  extent  of the  
bubble o r  the re turn  of the  separated boundary layer  t o  the surface.  
It has been suggested (references 2 and 9 )  t h a t  the onset of turbulence 
i n  the  separated layer  causes the  f l o w  t o  re turn  t o  the surface. Some 
indica t ion  of the va l id i ty  9f t h i s  conjecture can be obtained f r o m  the 
measurements made with the hot-wire anemometer. 

Photographs were made of the  oscillograph pa t te rns  obtained with 
the hot-wire anemometer f o r  a l l  three test  Reynolds numbers and a t  a 
la rge  number of horizontal  and v e r t i c a l  posi t ions i n  the separation 
bubble. Sample t r aces  a re  shown i n  f igure  7. Correlation of the 
photographic records with the boundary-layer velocity-profile data 
( f i g s .  2 t o  4) shows t h a t  shor t ly  a f t e r  separation occurred downstream 
of the  separation point  on the NACA 66 018 a i r f o i l  section, low- 
frequency osc i l l a t ions  appeared i n  the  boundary layer  ( f i g .  7 ( a ) ) .  
These f luc tua t ions  a re  believed t o  be s imilar  t o  those predicted by 
Tollmien (reference 10) and found experimentally' by Schubauer and 
Skramstad (reference 11). Observation of the oscillograph screen 
indicated tha t ,  a t  some pos i t ion  f a r t h e r  downstream of the separation 
point, the  Tollmien type of o sc i l l a t ions  were interrupted by fine-grain, 
completely random f luc tua t ions  for shor t  periods of time. 
downstream of the point a t  which the in te rmi t ten t  bursts  of the random 
f luc tua t ions  i n i t i a l l y  appeared, they were found t o  comprise the e n t i r e  
veloci ty  f luc tua t ion  pa t te rn  continuously. Subsequent downstream , 

s t a t ions  showed the  same general pat tern.  The separated boundary l aye r  
was considered t o  be completely turbulent  a t  the posi t ion corresponding 
t o  the  first observation' of continuous random f luctuat ions.  Photographs 
of the oscillograph t races  obtained f o r  the posi t ion a t  which completely 
turbulent  motion was f i r s t  observed are  shown i n  f igure  7(b) .  It should 
be emphasized t h a t  the  Tollmien waves and the completely turbulent 
motion were observed i n  the  separated boundary layer  but  no t  i n  the 
separated. region underlying the separated layer .  Sample t r aces  of the 
type of f luc tua t ions  observed i n  the separated region are  shown i n  
f igu re  7 (c ) .  The f luc tua t ions  i n  the separated region a re  seen t o  be 
i r r egu la r  and of l a rge  amplitude and low frequency. 

3- 

Sl ight ly  

Comparison of the photographic records i n  f igu re  7(b) with the data 
of f i gu re  5 ind ica tes  t ha t  the  flow begins t o  re turn  t o  the surface 
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fairly close to that position corresponding to the first observation of 
fully developed turbulence in the separated boundary layer. 
experiments with turbulent jets have indicated that turbulence tends to 
spread and thus to increase the area of the flow affected. Since the 
photographic records indicate that the separated layer becomes fully 
turbulent at about the position where the flow starts to return to the 
surface, it is assumed that the phenomenon causing the flow to return 
to the surface is essentially analogous to that controlling the spread 
of a turbulent jet. In order to determine the angle of spread of the 
turbulence, data of the type presented in figure 5 were plotted in 
relation to the airfoil surface. These plots indicated that, although 
the spread of the turbulence is not exactly linear, a reasonable first 
approximation may be nade by considering the turbulence to spread 
linearly at an angle of 6' to the tangent direction (fig. 8). 

Data from 

Character of attached turbulent boundary layer.- In order to calcu- 
late the complete development of the turbulent boundary layer behind the 
position for reattachment, the shape and thickness of the turbulent 
boundary layer after reattachment must be known. Experimental measure- 
ments of turbulent boundary layers on airfoil sections and in channels 
(references 12 and 13) have shown that turbulent boundary layers having 
the same value of the parameter H (ratio of displacement thickness to 
momentum thickness) have essentially the same profile shape. It is of 
interest to learn whether the turbulent-boundary-layer profiles immedi- 
ately after reattachment of the separated layer have the same shape as 
would be indicated by the data of reference 12 for corresponding values 
of H. The profiles measured on the NACA 663-~18 airfoiz section after 
reattachment show, in most cases, very close agreement with those from 
reference 12 having the same value of H (figs. 9 ,  10, and 11). In 
general, the agreement is seen to become more satisfactory as the flow 
progresses downstream. 

The variations of the boundary-layer momentum thickness 0 and 
shape parameter H with distance behind the position of reattachment 
are shown in figures 12 and 13. The behavior of the momentum thickness 
immediately after reattachment is not entirely consistent in the three 
cases investigated. A short distance downstream from the position of 
reattachment, however, the momentum thickness begins to increase with 
increasing distance in all three cases. The value of the shape param- 
eter H is seen to decrease from a value of approximately 2.6 to a 
value of 1.2 to 1.3 within a very short distance after reattachment 
for all three Reynolds numbers (fig. 13). With the use of the data 
of figures 12 and 13, the value of the wall shearing stress necessary to 
satisfy the boundary-layer momentum equation was calculated for the 
three Reynolds numbers. The momentum equation (reference 14) can be 
written in the form 
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where 
and zo is the wall shearing stress. The results of these calculations 
are shown in figure 14 in which the skin-friction coefficient 
is plotted against chordwise position. 
shear after reattachment are particularly interesting. It does not seem 
possible that the wall shearing stress could be negative, that is, could 
produce a thrust. 
wall shearing stress might be that some of the stress-gradient terms in 
the equations of motion which are considered negligible in the develop- 
ment of the boundary-layer equation are not negligible in the present 
case. For example, the gradient in the direction of flow of the pertur- 
bation normal stress, that is, the stress resulting from fluctuations 
in the u-component of velocity, may be sufficiently large after flow 
reattachment that the usual boundary-layer approximations are no longer 
valid. 
integrated form of the boundary-layer equation is no longer applicable 
and the values of ~ ~ / 2 9  
the wall shearing stress. 

q is the local dynamic pressure just outside the boundary layer 

~ ~ / 2 q  
The negative values of the wall 

One possible explanation for the apparent negative 

If they are not valid, then the momentum equation which is an 

calculated from this equation do not represent 

The results just discussed suggest that the usual empirical methods 
for calculating the development of the turbulent boundary layer would 
not yield satisfactory results when applied to the boundary layer 
immediately after flow reattachment. 
eter H with position after flow reattachment was calculated from the 
data for Reynolds number 2.4 X 106 with the use of the relation developed 
by Von Doenhoff and Tetervin (reference 12) and the wall shearing stress 
determined both from the momentum equation and from the Squire and Young 
relation employed in reference 12. 
position after flow reattachment for which the value of 
A s  was expected, a rather wide discrepancy was found between the experi- 
mental and calculated results. 
turbulent boundary layers considered in developing the relations of 
reference 12 became turbulent after transition in a laminar separation 
bubble, the method of reference 12 would be expected to yield satis- 
factory results if applied a sufficient distance downstream of the 
bubble. 
position downstream of the bubble the method of reference 12 will begin 
to yield satisfactory results. 

The variation in the shape param- 

The calculations were begun at the 
H was 1.6. 

In view of the fact that many of the 

Sufficient data are not available, however, to indicate at what 

Extent of separated laminar layer.- The data of figure 5’ indicate 
that the distance between the laminar-separation point and the position 
at which the flow starts to return to the surface (the transition 
position) decreases as the Reynolds number increases. The scope of 
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data of f igure  5, however, i s  not wide enough t o  permit a sa t i s f ac to ry  
determination of the manner i n  which t h i s  dis tance var ies  with Reynolds 
number. Some unpublished measurements of local ized regions of laminar 
separation on the  NACA 65,3-018 and NACA 66,2-516, a = 0.6 a i r f o i l  
sect ions a t  d i f f e ren t  Reynolds numbers provide some addi t ional  i n f o r -  
mation on the  extent  of t he  laminar l aye r  before t rans i t ion .  
inves t iga t ion  of t he  NACA 65,3-018 a i r f o i l  sect ion consisted of a p i t a t -  
tube survey i n  the region of the bubble t o  es tab l i sh  the l i n e  of zero 
ve loc i ty  i n  the  surface direct ion.  
p r o f i l e s  i n  the  bubble were made on the  NACA 66,2-516, a = 0.6 a i r f o i l  
section. Detailed observations of the ve loc i ty  f luc tua t ions  i n  the  
bubble by the  hot-wire technique were not made i n  e i the r  case. The 
data were obtained behind the posi t ion of minimum pressure on both 
a i r f o i l s  a t  t he  i d e a l  angle of a t tack  s o  t h a t  t he  d is t r ibu t ions  of 
pressure ahead of t he  separation point were of the same general type a s  
t ha t  of the NACA 663-o18 a i r f o i l  considered i n  the present invest igat ion.  
An out l ine  of the bubble measured on the  NACA 65,3-018 a i r f o i l  sec t ion  
by the  pitot-tube survey is  shown i n  f igu re  15’. 
obtained f o r  the NACA 66,2-516, a = 0.6 a i r f o i l  sect ion a re  shown i n  
f igu re  16 and the bubble out l ine determined f r o m  the data i s  shown i n  
f igu re  17. I n  addi t ion t o  the  data  f o r  separation bubbles behind the  
pos i t ion  of minimum pressure on NACA 6-series a i r foi ls  a t  the idea l  
angle of at tack, some useful information on bubbles i n  the  v i c i n i t y  of 
the leading edge of a i r f o i l s  a t  r e l a t ive ly  high angles of a t tack  i s  
avai lable .  Measurements of laminar separation bubbles j u s t  behind the 
leading edge of an NACA 66,2-216, a = 0.6 a i r f o i l  a t  an angle of a t t ack  
of 10.1O are  ava i lab le  i n  reference 3, and r a the r  complete measurements 
of laminar separation bubbles i n  the v i c i n i t y  of the  leading edge of an 
NACA 63-009 a i r f o i l  a t  various angles of a t tack  and a Reynolds number 
of 5.8 x 10 6 are given i n  reference 4. The boundary-layer measurements 
a t  t h e  leading edge of the NACA 64A006 a i r f o i l  sect ion (reference 5 )  
were not  employed i n  the present analysis  because separation occurred 
almost a t  the leading edge and the  behavior of the very l a rge  bubble 
obtained f o r  such sharp-edge a i r f o i l s  does not appear t o  be e n t i r e l y  
analogous t o  t h a t  considered i n  the  present investigation. 

The 

Measurements of boundary-layer 

The boundary-layer data 

With the  a id  of the  data  of f i gu res  15 and 17 ,  references 3 and 4,. 
and the  present invest igat ion ( f i g .  s), a cor re la t ion  of the extent of 
laminar layer  between the separation and t r ans i t i on  points  was made 
wLth the  Reynolds number. 
was considered t o  be the distance f r o m  the laminar-separation point t o  
the pos i t ion  a t  which the  f l o w  s t a r t e d  t o  re turn  t o  the surface as 
indicated by out l ines  of the separated regions such as a re  given i n  
f igu re  5. 
laminar layer ,  it w a s  thought t h a t  a Reynolds number typ ica l  of l o c a l  
conditions a t  the separation bubble ra ther  than of the a i r f o i l  should 
be employed. The boundary-layer Reynolds number based on the  boundary- 
layer  thickness and the  velocity j u s t  outside the boundary layer  a t  

I n  all cases, the extent  of the laminar layer  

I n  determining the e f f ec t  of Reynolds number on the extent of 
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separation appeared t o  be a reasonable choice. 
layer was expressed nondimensionally i n  terms of the boundary-layer 
thickness a t  separation. 
the distance normal t o  the surface t o  the point ( i n  the boundary layer) 
a t  which the velocity was 0.707 times the velocity jus t  outside the 
boundary layer. 
of separation were available i n  a l l  cases except f o r  the NACA 66,2-216, 
a = 0.6 a i r f o i l  a t  10.1’ angle of attack and the NACA 65,3-018 a i r f o i l  
section a t  Oo angle of attack. The boundary-layer thickness ju s t  ahead 
of separation was calculated fo r  these a i r fo i l s  by the use of the 
momentum relation and the assumption that  the laminar layer up t o  sepa- 
ration had the Blasius shape (reference ls). 

The length of laminar 

The boundary-layer thickness was defined as  

Measurements of the boundary-layer thickness ju s t  ahead 

The variation of the nondimensional extent of laminar flow w i t h  
boundary-layer Reynolds number i s  shown i n  figure 18. 
correlation is not consistent f o r  a l l  the a i r f o i l s  analyzed, it i s  seen 
that two separate and relatively consistent correlations of the extent 
of laminar flow with the boundary-layer Reynolds number are obtained, 
one f o r  the bubbles near the leading edge and another f o r  those behind 
the point of minimum pressure a t  the ideal  angle of attack. 
correlations indicate that  the bubble w i l l  not ex is t  beyond some c r i t i c a l  
value of the boundary-layer Reynolds number but that  t h i s  c r i t i c a l  value 
probably depends upon whether the bubble i s  near the leading edge o r  
behind the position of minimum pressure a t  the ideal  angle of attack. 
If the differences i n  history of the boundarg layer up t o  the point of 
laminar separation and the differences i n  pressure gradient a t  laminar 
separation i n  the two cases are  considered, the difference i n  s t ab i l i t y  
of the separated layers i s  perhaps not t o o  d i f f i cu l t  t o  understand. 
Further reasearch i s  needed, however, i n  order t o  determine the manner 
i n  which the length of the separated laminar layer varies with boundary- 
layer Reynolds number under widely different conditions. 

Although the 

The 

Surface pressure distribution.- Surface pressure distributions on 
the NACA 6fi3-O18 a i r f o i l  measured f o r  the three Reynolds numbers are  
shown i n  figure 19. 
by a relatively small amount i n  the region of the bubble but increases 
very rapidly *as the f low reattaches itself t o  the surface. The effect  
of the bubble on the surface pressure distribution seems t o  be similar 
t o  that  which would be expected from a bump i n  the surface. 
of the surface pressures i n  the vicinity of the bubbleindicates that 
the presence of a bubble may be detected and some idea of i t s  size may 
be estimated from surface pressure measurements. 

The data indicate that the s t a t i c  pressure increases 

The behavior 

~- 
Although -the mo&f’uTed-in-the present xnvestigation was 

the NACA 663-018, the pressure distributions given i n  figure 19, 
measured on th is  model, are not d5rectly comparable with the 
theoretical pressure distribution f o r  t h i s  a i r f o i l  because the  
reference dynamic pressure was proportional to, but not equal 
to, the free-streem Qmamic pressure. Because boundary-layer 
characteristics are determined solely by the relat ive pressure 
distribution over a surface and are not affected by the arbi- 
t ra ry  choice of a reference dynamic pressure, the fac t  that  
the free-stream dynamic pressure was not chosen as a refer- 
ence should not be of special significance, - 
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An experimental invest igat ion was made of a local ized region of 
laminar separation behind the posit ion of minimum pressure on an 
NACA 663-018 a i r f o i  sect ion a zero angle of a t tack a t  Reynolds 
numbers of 1 .2  x 10 k , 1.7 x 10 t , and 2.4 X 10 6 . An analysis  of the 
, r e s u l t s  of t h i s  invest igat ion and other data has indicated t h a t  such 
a region can be characterized by a length of laminar boundary layer  
following separation a f t e r  which t r ans i t i on  occurs and t h e  resu l tan t  
separated turbulent boundary layer  spreads and reattaches t o  the 
surface. The length of laminar boundary layer  between separation and 
t rans i t ion ,  expressed a s  the r a t i o  of the length of layer  t o  the 
boundary-layer thickness a t  separation, was found t o  be a function of 
the value of the boundary-layer Reynolds number a t  separation. 
funct ional  re la t ionship i s  not the same f o r  local ized regions of 
separation behind the posi t ion of minimum pressure a t  the idea l  angle 
of a t tack  and f o r  s imilar  regions i n  the  v i c in i ty  of the leading edge a t  
high angles of attack; t h i s  r e s u l t  suggests t h a t  the correlat ion between 
the length of laminar layer  following separation and the boundary-layer 
Reynolds number i s  related t o  the h is tory  of the f l o w  preceding sepa- 
r a t ion  and t o  the nature of the pressure gradients. 

The 

After t r a n s i t i o n  occurred i n  the separated layer ,  turbulence was 
found t o  spread a t  a r e l a t ive ly  constant angle a s  i s  the case i n  a 
spreading turbulent j e t .  The boundary-layer shape parameter was found 
t o  vary from a value of 2.6 j u s t  before flow reattachment t o  a value 
of 1.3 within a r e l a t ive ly  short  distance a f t e r  reattachment. 
nature of the flow i n  the turbulent boundary layer  immediately a f t e r  
reattachment was such t h a t  the usual methods of predicting the r a t e  of 
growth and change i n  shape of the turbulent boundary layer  did not  give 
sa t i s fac tory  r e s u l t s .  

The 

Langley Aeronautical Laboratory 
National Advisory Committee f o r  Aeronautics 

Langley Field,  Va., January 29, 1951 
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TABLE I 

ORDINATES OF THE NACA 663-01e: AIRFOIL SECTION 

p t a t i o n s  and ordinates given in percent 
of a i r f o i l  chord] 

Upper Surface 

S ta t ion  

0 
05 
e75 
1.25 
2.5 
5.0 
7.5 
10 
15 
20 
25 
30 

% 

65 
70 

4-2 

$50 
i!i 

100 

Ordinate 

Lower Surface 

Stat ion  

05 
075 
1.25 
2.5 
5*0 
7.5 

0 

10 
15 
20 
25 

4-5 
50 
55 60 
65 
70 
75 
d0 
E45 
90 
95 
100 

f j  

Ordinate 
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(b) R = 1.7 x lo6. 
I- , 

L .-r’r-’ R 
- 

+ ,003 

6 
( 0 )  R = 2.4 X 10 . 

.001 7 

1 ‘. > 0 T I I 
A 

” I\ 

I \ !  I 

Fiere 5.- &tent of separated flow an the upper surface of the NACA 663-018 
airfoil section at 0’ angle of attack and Reynolds nurnbers of 1.2 x lo6, 
1.7 x lo6, and 2.4 x lo6. 
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= 0.65 

x f i  = 1.68 

R = 2.4 X 10 6 

C 5 = 0.65 5 = 0.67 
C C 

C 
x f i  = 2.06 

6 R = 1.7  x io 
x f i =  C 1.69 C 

R = 1 . 2  X 10 6 

(a)  Laminar f luc tua t ions  before t r ans i t i on .  

5 = 0.72 = 0.70 5 = 0.68 
C C C 

xf i  = 4.07 

R = 1.7 x 10 

Ffi = 3.16 

R = 2.4 X 10 
C 

x f i=  3.42 

R = 1.2 x 10 6 
C 

6 6 

(b)  F luc tua t ions  a t  first f u l l y  turbulent  s t a t i o n .  

= 0.68 = 0.65 x 
C C C - = 0.69 

$-a = 1.14 = 0.60 $6 = 0.45 

R = 2.4 x lo6 6 R = 1.7 x io R = 1.2  x 10 6 

( c )  Fluctuations i n  region under separated boundary layer.  

Figure 7 . -  Sample oscillograph traces of the boundary-layer-velocity f l u c t u -  
a t ions as measured by a hot-wire anemometer on the upper surface o f  the 
NACA 663-018 a i r f o i l  section a t  0' angle of a t tack and three Reynolds 
numbers. 
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075 80 
Chordwise pos i t ion ,  x/c 

6 (a) R = 1.2 x 10 . 
Figure 14. - Variation of skin-friction coefficient behind f l o w  reattachment 

as determined by the momentum equation. 
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6 (b) R = 1.7 X 10 . 
Figure 14. - Continued. 
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( c )  R = 2.4 x 10 6 . 
Figure 14.- Concluded. 
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w 
Figure 16.- Boundary-layer velocity pmfiles on the upper surface of the 

NACA 66,2-516, a = 0.6 a i r f o i l  section a t  3' angle of attack and 
Reynolds number of 2.4 X 10 6 . 
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0 R = 1.2 X lo6 
R = 1.7 x lo6 NACA 663-018 a = Oo Present invest igat ion 

0 R = 2.4 x lo6 
A R = 0.6 x lo6 NACA 65.3-018 a = 00 LTT T e s t  244 

__ 1 V R = 2.4 X lo6 
R = 0.9 x lo6 

B R = 1.5 X lo6 
Q R 2.2 X lo6 

NACA 66,2-516, a = 0.6 

NACA 66,2-216, a = 0.6 

a = 3 O  

a = 10.1' 

LTT Test 238 

Reference 3 

Q a = 4 0  
O a  = 5 O  
O a = 6 O  
o a = V o  
O a  = 80 
0 n = 8-50 

NACA 63-009 R = 5.8 X lo6 Reference 4 

ion Regions of separ: 
near leading e*e a t  
high angles of a t tack  

.4 

Boundary- 

.6 

-layer 

.8 1.0 2.0 4.0 6.0 8.0 10.0 

Reynolds number at separation, RBS 

x 103 

Figure 18.- Variation of extent of laminar flow a f t e r  separation with 
boundary-layer Reynolds number a t  separation f o r  several a i r f o i l  
sections.  
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Chordwise stat ion,  x / c  

(a) R = 1-2 X lo6. 

Figure 19.- Experimental pressure distribution of the NACA 663-018 airfoil 
section at Oo angle af attack and three Reynolds numbers. 
coefficient not corrected for twvlel blocking. 

Pressure 
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t reattachment 

Chordwise station, x / c  

(b) R = 1.7 x lo6. 
Figure 19.- Continued. 
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6 ( c )  R = 2.4 x 10 . 
Figure 19. - Concluded. 
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